6-Chloro-2-benzoxazolinone (CDHB) is a precursor of herbicide, insecticide, and fungicide synthesis and has a broad spectrum of biological activity. Pigmentiphaga sp. strain DL-8 can transform CDHB into 2-amino-5-chlorophenol (2A5CP), which it then utilizes as a carbon source for growth. The CDHB hydrolase (CbaA) was purified from strain DL-8, which can also hydrolyze 2-benzoxazolinone (BOA), 5-chloro-2-BOA, and benzamide. The specific activity of purified CbaA was 5,900 U · mg protein
6
-Chloro-2-benzoxazolinone (CDHB) is the precursor of fenoxaprop-p-ethyl (FE) and metamifop synthesis (1) . FE is a postemergence aryloxyphenoxy propionate (AOPP) herbicide that is used to control annual and perennial weeds in crops, such as soybean, turf, and wheat (2, 3) . Many studies have demonstrated that FE can be hydrolyzed to fenoxaprop acid (FA) and further transformed into CDHB and 2-(4-hydroxyphenoxy)-propionic acid (HPP) by soil microorganisms (4) (5) (6) . Recently, the hydrolysis of FE to FA by several esterases from different microorganisms has been reported (7) (8) (9) . However, the underlying genes and the metabolic pathway responsible for the degradation of CDHB in microorganisms are unknown.
CDHB is a type of 2-benzoxazolinone (BOA) derivative. BOA is widely used as a synthetic intermediate of related derivatives and is an important group of allelochemicals that respond to tissue damage or pathogen attack in gramineous plants, such as corn, rye, and wheat (10) (11) (12) (13) (14) . BOA is a defensive compound that inhibits the growth and development of microorganisms and plants and also deters insect feeding (15, 16) . When BOA and its related products are exuded as active plant metabolites from the roots into the soil, they can be absorbed and translocated into other crop plants to cause physiological disturbances that can even include declines in crop yields (17) . This phenomenon has been demonstrated in various test plants, such as Lactuca sativa (18) , Lepidium sativum (19) , Avena sativa (20) and Cucumis sativus (21) . Therefore, reducing the inhibitory effect of BOA derivatives on economic crops through the use of microbial metabolic processes is imperative.
CDHB is highly toxic to microorganisms and is difficult to
Determination of biodegradation kinetics. The bacterial suspension was inoculated into 250 flasks containing 100 ml of MSM with 0.2 mM CDHB or 2A5CP to obtain a final cell density of 1.0 ϫ 10 6 to 2.0 ϫ 10 6 CFU ml Ϫ1 . The flasks were incubated on a rotary shaker at 180 rpm at 37°C. At regular intervals, 5-ml samples were collected from each flask and used to determine the CDHB concentration by high-performance liquid chromatography (HPLC). Cell counts were performed using the plate dilution technique with LB plates, and colonies were counted after 72 h of incubation at 37°C.
Identification of CDHB degradation metabolites. Strain DL-8 was inoculated into a 1,000-ml Erlenmeyer flask (2% [vol/vol]) containing 300 ml of MSM supplemented with 0.2 mM CDHB and cultivated as described above. The CDHB concentration was monitored at 6-h intervals using HPLC, and the metabolites were analyzed by high-pressure liquid chromatography-mass spectrometry (HPLC-MS), as described below.
The samples were freeze-dried, dissolved in 1 ml of methanol, and filtered through a 0.22-m-pore-size Millipore membrane. For the HPLC analysis, a separation column (internal diameter, 4.6 mm; length, 250 mm) filled with Kromasil 100-5-C 18 was used. The mobile phase was methanol:water (80:20 [vol/vol] ), and the flow rate was 0.8 ml min Ϫ1 . The detection wavelength was 240 nm, and the injection volume was 20 l. The MS analyses were performed in electrospray ionization (ESI) mode with an Agilent G6410B triple quad mass spectrometer. The metabolites were confirmed by standard MS and ionized by electrospray with a positive polarity. Characteristic fragment ions were detected using secondorder MS.
Purification of CbaA and zymogram analysis. Cells grown in LB broth without the addition of any inductive compounds were harvested by centrifugation at 2,180 ϫ g at 4°C. All purification steps were performed at temperatures below 4°C to avoid any potential enzyme denaturation. The cells of strain DL-8 (10 g [wet weight]) were disrupted by ultrasonic disruption (sonicator 201 M; Kubota, Japan) for 10 min. The cell extracts were fractionated using ammonium sulfate, and the precipitate (60 to 80% saturation) was harvested by centrifugation at 12,580 ϫ g for 25 min. The precipitates were dissolved in 50 ml of 20 mM buffer A (glycine-NaOH [pH 9.0]) containing 60% ammonium sulfate. The enzyme possessing CbaA activity was subjected to butyl-650M hydrophobic interaction chromatography (1.6 cm by 25 cm; Toyopearl, Japan) and eluted with a 60% to 0% linear concentration gradient of ammonium sulfate. The eluate was collected in 1-ml samples and assessed for CbaA activity. Fractions with relatively high CbaA activity were pooled and dialyzed against buffer A. The dialyzed enzyme preparation was applied to a Toyopearl DEAE-650M column (1.6 cm by 12.5 cm) and eluted with 0 to 1 M NaCl. The fractions containing CbaA activity were pooled, dialyzed against buffer A, and concentrated with a Millipore Centriprep centrifugal filter concentrator (23) . The proteins were electrophoresed on a 10% native PAGE gel and visualized by staining with Coomassie brilliant blue R-250 (24) . The monomer molecular weight of CbaA was determined by 10% SDS-PAGE after boiling for 5 min.
After native electrophoresis, the gel was sliced into two parts. One part was stained with 0.1% Coomassie brilliant blue R-250 to analyze the protein purity, and the other part was applied for zymogram analysis (25) . The gel slice with CbaA was incubated in a 20 mM buffer A agar plate containing 2 mM CDHB. After incubation at 37°C for 30 min, the gel was stained with 40 mM potassium hexacyanoferrate (III) and 20 mM 4-aminoantipyrene solution (26) ; the CbaA band became visible when it turned red, as described below. Then, the stained gels were compared with the zymogram to determine the position of CbaA (25) . The corresponding band in the native PAGE gel was sliced for peptide fingerprint analysis. Protein sample homogeneity was assessed by size-exclusion chromatography (SEC) using a Superdex 200 10/300 GL column connected to an Äkta purifier system (GE Healthcare). The column was equilibrated with buffer A, and the protein was eluted with the same buffer at a flow rate of 0.4 ml min Ϫ1 . The standard proteins used were phosphatase B (97 kDa), bovine serum albumin (66 kDa), ovalbumin (44 kDa), and carbonic anhydrase (29 kDa).
The CbaA activity was determined using a discontinuous method to measure the release of 2A5CP during CDHB hydrolysis. A reaction mixture containing 2 mM CDHB and 10 l of the enzyme solution diluted in 3 ml of buffer A was incubated at 55°C for 10 min. After incubation, 30 l of 0.2 M potassium hexacyanoferrate (III) and 30 l of 0.1 M 4-aminoantipyrene were added to the reaction mixture. The 2A5CP reacted with 4-aminoantipyrene to form a red compound with a maximum absorption at 545 nm (27) . One unit of CbaA activity was defined as the amount of enzyme needed to release 1 mol 2A5CP per minute. The 2A5CP dioxygenase activity in strain DL-8 was also determined using the same detection method to measure the decrease of 2A5CP in buffer B (20 mM TrisHCl [pH 7.0]) at 37°C for 10 min.
Biochemical properties of purified CbaA. (i) Substrate specificity. The substrate specificity of CbaA was determined using CDHB, BOA, benzamide, formanilide, acetanilide, isatin, p-nitrophenyl esters, and triglycerides with different carbon chain lengths. The enzymatic activities toward CDHB, BOA, formanilide, acetanilide, and isatin were assessed in buffer A at 55°C for 10 min and detected using the 4-aminoantipyrene chromogenic method described above. The enzymatic activities for benzamide were detected using Nessler's reagent colorimetry (28) . The esterase activities against different p-nitrophenyl esters and triglycerides were assessed by titrating the produced fatty acids (29, 30) .
CbaA activity at different concentrations (0.1 to 1 mM) of the test substrates was determined as described above. The kinetic constants K m and k cat were calculated using a Lineweaver-Burk plot (31) . All determinations were performed based on three replicates, and a control experiment without CbaA was conducted under the same conditions. R version 3.1.1 (Vanderbilt University, USA) was used for the statistical analysis. The one-way analysis of variance (ANOVA) test was used, and a P value of Ͻ0.05 was deemed significant.
(ii) Effects of temperature and pH on CbaA activity and stability. The optimal reaction pH was assessed using several buffers with various pH values at 55°C. The following buffers were used: 20 mM citrate buffer (pH 3.0 to 6.0), 20 mM phosphate-buffered saline (PBS) (pH 6.0 to 8.0), and 20 mM glycine-NaOH buffer (pH 8.0 to 12.0). The effect of the temperature on CbaA activity was determined using the optimal pH at temperatures ranging from 20 to 70°C. To measure the pH stability, the enzyme was incubated at 4°C for 1 h in different buffers, and the residual activity was determined under the enzyme assay conditions described above. The thermal stability of CbaA was assessed by incubating the enzyme preparations at different temperatures for 30 min and measuring the remaining activity under the enzyme assay conditions described above. Nonheated enzyme was used as the control (100%). All determinations were performed using three replicates.
(iii) Effects of metal ions and chemicals on CbaA activity. Purified CbaA was treated with 1 mM or 5 mM EDTA for 5 h at 4°C and then dialyzed against buffer A to remove the EDTA. The activities were assayed as described above and compared to the activity of an untreated enzyme solution incubated under the same conditions. For reactivation, the metal-free enzyme was incubated with divalent metal ions (Ba 2ϩ , Cu 2ϩ , Co 2ϩ , Cr 2ϩ , Ni 2ϩ , Zn 2ϩ , Ca 2ϩ , Mg 2ϩ , and Mn 2ϩ ) at a final concentration of 1 mM for 10 min, and the remaining activity was determined. The activity prior to EDTA treatment was used as the control (100%).
The procedure used to assess the metal ions was also used to determine the effects of chemical agents (Triton X-100, SDS, phenylmethylsulfonyl
, and cetyltrimethylammonium bromide [CTAB] ) and organic reagents (methanol, ethanol, methanol, acetone, acetonitrile, isopropanol, and dimethyl sulfoxide [DMSO] ). The activity in the absence of any additives was used as the control (100%).
Protein fragment fingerprint analysis by mass spectrometry. Using the electrospray ionization-quadrupole time of flight tandem mass spectrometry (ESI-Q-TOF MS/MS) technique, an array of peptide masses was recorded from the enzymatic digestion of the protein isolated from a native gradient gel (Bo-Yuan Biological Technology Co. Ltd.). These masses were searched in the Mascot website databases (Matrix Science, Boston, MA) to identify the amino acid sequences of the peptide fragments (32) . The resulting peptide fragments were analyzed by searching the draft genome sequence of strain DL-8, as described below. The downstream metabolic gene cluster was also searched in the genome and subjected to a BLAST search against the cnb clusters from Comamonas sp. strain CNB-1 and Pseudomonas putida ZWL73 (33) (34) (35) (36) .
Genome sequencing, assembly, and annotation. The DNA manipulations were performed according to standard protocols described by Sambrook and Russell (22) . The genome of strain DL-8 was sequenced using an Illumina HiSeq 2000 system (Han-Yu Biological Technology Co. Ltd.) (37) . The DNA was sequenced as a mixture of shotgun and 350-bp paired-read fragments to provide both uniform genome coverage and a paired-read assembly. Sequencing reads were assembled using the SOAPdenovo (version 1.05) method (http://soap.genomics.org.cn/soapdenovo .html). De novo gene prediction was conducted using the Glimmer (version 3.0) system (http://ccb.jhu.edu/software/glimmer/index.shtml). The BLAST program (http://blast.ncbi.nlm.nih.gov/Blast.cgi) combined with sequences from the KEGG, COG, Swiss-Prot, and nonredundant protein databases was used to accomplish the functional annotation, using an E value cutoff of 1 E Ϫ5 . For the phylogenetic analysis, all protein sequences were first aligned using the Clustal X (version 2.1) program (38) and then imported into the MEGA (version 5.0) software (39) to construct a phylogenetic tree using the neighbor-joining method. Distances were calculated using the Kimura two-parameter distance model. Confidence values for the branches of the phylogenetic tree were determined using bootstrap analyses based on 1,000 resamplings.
Functional verification of the CbaA coding gene cbaA. Homologous recombination was used to disrupt cbaA in strain DL-8. The homologous arms were amplified with the primer pair cbaA-TYF and cbaA-TYR (cbaA-TYF/R) ( Table 2 ) and then cloned into the suicide plasmid pJQ200SK (40) to generate pJQ-cbaA. pJQ-cbaA was delivered into strain DL-8 via conjugal transfer, and the transconjugates were selected on LB plates supplemented with streptomycin and gentamicin. The cbaA-disrupted mutant, designated strain DL-8⌬cbaA, was verified by PCR amplification. The ability to degrade CDHB and 2A5CP was assessed as described below.
cbaA was heterologously expressed in E. coli BL21(DE3). cbaA was amplified using the primers cbaA-F and cbaA-R with a carboxyl-terminal 6ϫHis tag and inserted into pET29a(ϩ) to produce the pET-cbaA plasmid. The recombinant plasmid was transformed into E. coli BL21(DE3) and designated E. coli BL21(DE3-pET-cbaA). E. coli BL21(DE3-pETcbaA) was grown in LB medium supplemented with 50 g/ml kanamycin at 37°C to an optical density at 600 nm (OD 600 ) of 0.5 to 0.6. Protein expression was induced at 18°C with isopropyl-␤-D-thiogalactopyrano-side (IPTG) at a final concentration of 0.2 mM (22) . SDS-PAGE was used to detect the expression of the recombinant enzyme CbaA. Recombinant CbaA was purified with Ni 2ϩ -nitrilotriacetic acid (NTA) resin (Qiagen, Valencia, CA, USA) with 0 to 300 mM imidazole in buffer A (41) . The ability of the enzyme to degrade CDHB was tested in a resting cell assay, as described below.
Biotransformation of CDHB by resting cells. To perform the resting cell assay, the tested cells [from strains DL-8, DL-8⌬cbaA, BL21(DE3-pET29a), and BL21(DE3-pET-cbaA)] were washed twice with sterilized MSM and then suspended in MSM to a final OD 600 of 2.0. CDHB was added to the cell suspensions to a final concentration of 0.2 mM, and the suspensions were incubated at 150 rpm and 37°C for 72 h. Each treatment consisted of three replicates. The samples were analyzed by HPLC, as described above.
Site-directed mutagenesis of the active-site residues. Overlap PCR was used to construct the point mutations (42) . The forward and reverse primers (flanking primers) were cbaA-F and cbaA-R, respectively. The internal primer pairs H127A-F/R, H288A-F/R, and E301A-F/R are shown in Table 2 . All PCR assays were performed using the PrimeSTAR HS DNA polymerase (TaKaRa Co. Ltd.) and a standard site-directed mutagenesis protocol (42) . The PCR products were gel purified and cloned into the NdeI and HindIII sites of the DNA pET-29a(ϩ) plasmid, as described above. The substitutions were confirmed by DNA sequencing. The effects of the substitutions on CDHB degradation were tested using the resting cell assay, as described above. The 4-aminoantipyrene chromogenic method was used to evaluate 2A5CP (26) .
Accession number(s).
The nucleotide sequences of the Pigmentiphaga sp. strain DL-8 16S rRNA and cbaA genes were deposited in the GenBank database under accession numbers KJ155792 and KR732327, respectively.
RESULTS AND DISCUSSION
Degradation of CDHB and other aromatic compounds by strain DL-8. The growth of strain DL-8 on liquid MSM supplemented with 0.2 mM CDHB and its ability to degrade CDHB are shown in Fig. 1A . The growth curve showed a steady increase in the bacterial population after a short lag phase (approximately 24 h). After incubation for 72 h, approximately 98% of the 0.2 mM CDHB that was initially added was degraded by strain DL-8; correspondingly, the cell density increased from 1.5 ϫ 10 6 to 4.2 ϫ 10 6 CFU ml Ϫ1 . The increase in the cell density appears to be extremely low, most likely because CDHB is highly toxic to various microbes (see Fig.  S1 in the supplemental material). No significant change in the CDHB concentration was observed in cultures that were not inoculated with strain DL-8. Thus, we concluded that strain DL-8 was able to degrade CDHB and utilize it as a sole carbon source for growth.
Pigmentiphaga sp. strain DL-8 showed a broad substrate spectrum toward aromatic pollutants. This strain could also completely mineralize BOA derivatives (BOA, 5-chloro-BOA, and 5-chloro-6-hydroxy-BOA), aromatic acids (phthalic acid, salicylic acid, gentisic acid, protocatechuic acid, and benzoic acid) and aminophenol derivatives (AP, 2A5CP, 2A4CP, and 2-nitrophenol) and utilize them as carbon sources for growth; however, the strain could not completely degrade phenol, catechol, or hydroquinone. Few reports have investigated the degradation of environmental pollutants by strains of the Pigmentiphaga genus. Several strains have been found to be highly effective for the biodegradation of acetamiprid (43, 44), 2,6-naphthalenedisulfonate (45) , and the azo dye carboxy-orange I (46). Strain DL-8 was isolated for its ability to degrade BOA compounds, which have been less well studied due to their high biological toxicity.
CDHB metabolite identification. To clarify the CDHB degra- (Fig. 2A) . 2A5CP was detected only at the highest concentration of 10 M, and no other intermediates were detected. The 2A5CP substrate was also completely degraded by strain DL-8 within 24 h, with cell densities that increased from 1.5 ϫ 10 6 to 5.3 ϫ 10 6 CFU ml Ϫ1 (Fig. 1B) . The metabolic pathway and molecular mechanism of 2A5CP biodegradation have been reported in Comamonas sp. CNB-1 and Pseudomonas putida ZWL73 (33-36). The putative whole-gene cluster for 2A5CP degradation could be found in the genome of strain DL-8 (shown below). The proposed metabolic pathway for CDHB is shown in Fig. 3A .
During CDHB degradation by strain DL-8, a red pigment accumulated when the CDHB concentration was Ͼ0.3 mM (Fig.  2B) ϩ ), and was identified as 9-chloro-2-amino-3H-phenoxazin-3-one (CAPO) by HPLC-MS (Fig. 2B) .
The metabolic pathway by which BOA is detoxified in Fusarium verticillioides has been explored in recent decades (see Fig. S2 in the supplemental material). BOA metabolism in F. verticil- lioides involves hydrolysis by Fdb1 to produce 2-aminophenol (2AP), which is malonylated by Fdb2 to produce nontoxic N-(2-hydroxyphenyl) malonamic acid (HPMA) (47, 48) . When the modification is prevented due to a genetic mutation (FDB2), nontoxic 2-acetamidophenol (HPAA) may accumulate as a result of acetylation (49) . During the BOA detoxification process, 2AP can also be spontaneously oxidized to produce 2-amino-3H-phenoxazin-3-one (APO), which is highly toxic to F. verticillioides (50) and exhibits greater allelopathic phytotoxicity toward barnyard grass (Echinochloa crus-galli) than BOA (51, 52) . Doratomyces stemonitis can utilize APO as a sole carbon source, but the utilization of this product seems to have a high energy demand (53) . Strain DL-8 may promote the formation of CAPO with high concentrations (Ͼ0.5 mM) of 2A5CP (Fig. 2B) . After its formation, CAPO cannot be further degraded by strain DL-8, and the color of the liquid MSM supplemented with 0.5 mM 2A5CP gradually deepens with increasing CAPO concentration (Fig. 2B) .
Purification of CbaA from strain DL-8. The cell extract from strain DL-8 also transformed CDHB into 2A5CP. According to the degradation pathway, we deduced that CDHB was hydrolyzed to 2A5CP by a hydrolase (Fig. 3A) . The CbaA was a constitutive enzyme in strain DL-8, and the transformation product was also identified as 2A5CP by HPLC-MS. When cultivated in LB medium, strain DL-8 showed CbaA activity (up to 300 U · mg pro- ) without the addition of any inductive compounds. CbaA was purified by ammonia sulfate precipitation and ion exchange and hydrophobic interaction chromatography. A summary of the CbaA purification process is shown in Table 3 . CbaA was eluted with 45% ammonium sulfate by butyl-650M hydrophobic interaction chromatography and 0.8 M NaCl by the DEAE column. After the 3-step purification process, CbaA was purified 18.9-fold with a 4% recovery. Native PAGE and SEC were used to analyze the purified CbaA to verify its purity and determine its natural molecular weight. The purified CbaA exhibited a single band with CbaA activity on a native PAGE gel (Fig. 4A) . The molecular mass of the CbaA under nondenaturing conditions was calculated to be 75 kDa by gel filtration chromatography (Fig. 4) . After boiling for 5 min, purified CbaA exhibited a single band on the SDS-PAGE gel, with a molecular mass of ϳ37 kDa (see Fig. S3 in the supplemental material). Thus, we deduced that the CbaA naturally existed as a homodimer.
We deduced that CDHB was first transformed into the transitory intermediate 2-amino-5-chlorophenyl hydrogen carbonate (2A5CPHC) by CbaA. 2A5CPHC was spontaneously decarboxylated to 2A5CP via rapid hydrolysis during the aqueous phase (Fig.  3A) . Similar reactions occur in many chemical and biochemical processes. Smith and Bucher (54) reported that chlorpropham was transformed into carbamic acid when the temperature was Ͼ45°C; however, carbamic acid is unstable and readily decarboxylates to yield m-chloroaniline (54) . Sphingomonas sp. strain CF06 could also convert carbofuran to carbofuran-7-phenol and methylcarbamic acid (MA), and MA was spontaneously and rapidly hydrolyzed to methylamine and CO 2 (55) . Biochemical properties of purified CbaA. (i) Substrate specificity. The substrate specificities of CbaA were determined with CDHB, BOA, benzamide, formanilide, acetanilide, isatin, p-nitrophenyl esters, and triglycerides with different carbon chain lengths ( Table 4 ). The specific activities of CbaA were 5,900, 3,800, and 1,700 U · mg protein Ϫ1 for CDHB, BOA, and benzamide, respectively. CbaA showed no activity on p-nitrophenyl esters and triglycerides. The most suitable substrate for CbaA was CDHB, with K m and k cat values of 0.29 mM and 8,500 s Ϫ1 , respectively. The amide substrate spectrum of CbaA was very narrow, and the enzyme could not hydrolyze formanilide, acetanilide, and isatin.
(ii) Effects of temperature and pH on CbaA activity and stability. CbaA exerted high levels of activity at pH 8.5 to 10.0, with an optimum pH of 9.0 (Fig. 5A) . Little activity was detected at a pH below 7.0, but CbaA retained Ͼ80% of its activity after storage at pH 6.0 to 11.0 for 1 h (Fig. 5A) . CbaA was stable and retained Ͼ90% residual activity for 30 min at temperatures of Ͻ60°C but was unstable at temperatures of Ͼ60°C. The enzyme was active at 35 to 70°C, with the highest activity at 55°C (Fig. 5B) . These results suggested that CbaA was a mesophilic enzyme.
(iii) Effect of metal ions and chemical agents on CbaA enzymatic activity. Because the CbaA amino acid sequence showed identity with the metal-dependent hydrolases described below, the effect of the metal ions on the CbaA enzymatic activity was determined. As shown in Table 3 , EDTA did not inhibit the enzymatic activity at a final concentration of 1 mM, whereas the activity was strongly inhibited by incubation with 5 mM EDTA; the result indicated that the CbaA activity represented a divalent metal ion-dependent hydrolase. The metal-free enzyme was prepared by incubation with 5 mM EDTA for 5 h. Reactivation of the metal-free enzyme was attempted by incubation with 1 mM divalent metal ions for 10 min. Incubation in the presence of Zn 2ϩ , Ni 2ϩ , Ca 2ϩ , and Mg 2ϩ resulted in complete reactivation to 135.8% Ϯ 8.6%, 189.5% Ϯ 3.3%, 119.8% Ϯ 5.2%, and 102.1% Ϯ 6.8%, respectively. The Cu 2ϩ , Ba 2ϩ , and Fe 2ϩ ions had little effect on the activity, whereas Cr 2ϩ , Co 2ϩ , and Mn 2ϩ inhibited the activity at a final concentration of 1 mM.
The effects of various chemical agents on the enzyme activity were also assessed (Table 5) . DTT strongly inhibited CbaA enzyme activity, whereas isopropanol, Triton X-100, and CTAB slightly reduced its activity. In addition to isopropanol, other organic reagents had no significant influence on the enzyme activity. These data suggest that CbaA was a metal-dependent hydrolase and that disulfide bonds played a crucial role in the activity of this enzyme.
Identification of key genes in CDHB degradation. Peptide mass fingerprints were used as queries against the draft genome database of strain DL-8 (Mascot search). The results showed that the band on the native PAGE gel belonged to an open reading frame (ORF) that consisted of 1,020 bp and encoded a protein of 339 amino acids (identified as CbaA) in the DL-8 genome. The BLAST analysis showed that CbaA shared 10 to 15% identity with amidases, polyketide cyclases, and kynurenine formamidases (Fig. 6) .
Further analysis showed that CbaA shared 18 to 21% identity with proteins from the cyclase family (PF04199) in the PDB database, such as the Zn 2ϩ -dependent kynurenine formamidase from Bacillus anthracis (PDB accession numbers 4COB and 4CZ1), the metal-dependent amide hydrolase (PDB accession numbers 1R61 and 2B0A), and the Mn 2ϩ -dependent isatin hydrolase from Labrenzia aggregata (PDB accession no. 4J0N) (Fig. 7) . Isatin is the metabolic intermediate of indole acetic acid and has a chemical structure similar to that of BOA (56) (58) .
CbaA contains the Q 127 XXXQ 131 XD 133 XXXH 137 motif and the highly conserved amino acid residues His288 and Glu301 (Fig. 7) . The motif HXGTHXDXPXH or QXXXQXDXXXH may be the direct metal-binding region, and His137 and His288 may serve the proton donor/acceptor (59) . Interestingly, various divalent metal inhibited its activity at a concentration of 1 mM, as described above (Table 5) . However, a promoting effect of Mn 2ϩ on the metal-dependent hydrolase has been reported (57, 58) . Thus, CbaA with BOA derivative hydrolase activity was identified as a novel member of the PF01499 family based on the hydrolytic product, substrate specificity, and amino acid sequence analyses (Fig. 6 and 7 and Table 4 ). The BOA hydrolase gene FDB1 from Fusarium spp., which catalyzes the first step in the degradation of the BOA derivatives, was recently cloned and reported (60) . However, the CbaA in this study from strain DL-8 shared only 10% identity with the ␥-lactamase FDB1 from Fusarium species.
The 2A5CP metabolic gene cluster (cnbR, cnbC␣C␤, cnbD, cnbE, cnbF, cnbG, cnbH, and cnbI) surrounded by two IS1071 transposable elements was discovered and analyzed in the DL-8 genome by Local-BLAST (Fig. 3B) . The 2A5CP metabolic gene cluster located in the genome of strain DL-8 shares 99% identity with the cluster from Comamonas sp. strain CNB-1 and Pseudomonas putida strain ZWL73 (33) (34) (35) (36) . The activity of the 2A5CP dioxygenase in strain DL-8 was also determined at 37°C by measuring the decrease in 2A5CP (see Fig. S4A in the supplemental material). 2A5CP was rapidly transformed into a transiently stable yellow product by cell extracts. This compound exhibited an absorption maximum at 395 nm and was spontaneously converted into a dead-end product with maxima at 226 and 272 nm (Fig.  S4B) . The yellow and dead-end products were identified as 2-aminomuconic semialdehyde (2AS) and 5-chloropicolinic acid (5CPA) in many studies (61, 62) . Thus, we deduced that the Cloning, expression, and functional verification of the cbaA gene. Overexpression of CbaA in E. coli BL21(DE3) was successful, as revealed by SDS-PAGE (Fig. 8A) . The molecular mass of the denatured CbaA enzyme was approximately 37 kDa, which was in good agreement with the molecular mass deduced from the amino acid sequence. However, CbaA formed large amounts of insoluble protein, with slight hydrolase activity in the IPTG-induced E. coli BL21(DE3-pET-cbaA). The specific activity of the crude extract from E. coli BL21(DE3-pET-cbaA) was 1.4 U · mg protein Ϫ1 for CDHB, which indicated that the amount of the soluble CbaA protein was negligible in the supernatant (the specific activity was 298 U · mg protein Ϫ1 for CDHB in strain DL-8). We attempted to purify recombinant CbaA using Ni 2ϩ -NTA resin; however, the CbaA content was too low to be combined with the Ni 2ϩ -NTA resin. E. coli BL21(DE3-pET-cbaA) resting cells could transform 0.2 mM CDHB into 2A5CP, as detected by HPLC (Fig. 8B) . In contrast, the control strain E. coli BL21(DE3) harboring pET29a(ϩ) was unable to transform CDHB. We attempted to optimize expression conditions (temperature, induction time, and IPTG concentration) and added different concentrations of bivalent metal ions (Zn 2ϩ , Ni 2ϩ , Ca 2ϩ , and Mg 2ϩ ) during the induction process. However, the recombinant CbaA formed an insoluble protein with negligible hydrolase activity under different conditions. Additionally, the Saccharomyces cerevisiae, Bacillus subtilis, and Pseudomonas putida expression systems were applied to achieve soluble CbaA expression. Unfortunately, neither the CbaA protein band on the SDS-PAGE gel nor CDHB hydrolytic activity were detected in these recombinant cells.
To verify the function of cbaA in CDHB biodegradation, a 606-bp DNA fragment was amplified by PCR using primer pair cbaA-TYF/R as a homologous recombination arm to disrupt cbaA in strain DL-8. The cbaA-disrupted mutant was designated DL8⌬cbaA. Strain DL-8⌬cbaA lost the ability to degrade CDHB, whereas the ability to degrade 2A5CP was consistent with strain DL-8. These data indicate that cbaA was the key gene responsible for CDHB degradation by strain DL-8.
Site-directed mutation of conserved amino acids in CbaA. To investigate the functions of the conserved amino acid residues His137, His288, and Glu301, the residues were substituted with alanine by site-directed mutagenesis. Resting E. coli BL21(DE3) cells harboring the wild-type (WT) cbaA and three mutant genes were inoculated into liquid MSM containing 0.2 mM CDHB. E. coli BL21(DE3) resting cells harboring the WT cbaA converted 16% of the CDHB to 2A5CP in 24 h; 2A5CP was detected using potassium hexacyanoferrate (III) and 4-aminoantipyrene (see Fig.  S5 in the supplemental material). Three substitutions (His137Ala, His288Ala, and Glu301Ala) resulted in the loss of the ability to transform CDHB into 2A5CP compared with the WT CbaA (Fig.  S5) . The results were in agreement with other reports concerning metal-dependent hydrolases and demonstrated that His137, His288, and Glu301 were involved in CDHB catalysis (57, 58) .
In conclusion, we identified and characterized the novel metaldependent hydrolase CbaA that catalyzed the initial step of CDHB degradation from Pigmentiphaga sp. strain DL-8. This enzyme demonstrated amidase activities for the 2-benzoxazolinone derivatives. These characteristics together with the broad pH and temperature tolerance of the enzyme position CbaA as a beneficial agent for environmental remediation. 
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